Abstract. This paper introduces a method for reconstructing water from real video footage. Using a single input video, the proposed method produces a more informative reconstruction from a wider range of possible scenes than the current state of the art. The key is the combination of vision algorithms and physics laws. Shape from shading is used to capture the change of the water's surface, from which a vertical velocity gradient field is calculated. Such a gradient field is used to constrain the tracking of horizontal velocities by minimizing an energy function as a weighted combination of mass-conservation and intensity-conservation. Hence the final reconstruction contains a dense velocity field that is incompressible in 3D. The proposed method is efficient and performs consistently well across water of different types.
Introduction
In recent years, fruitful progress has been made in reconstructing complex objects and scenes from images or videos, for example: faces [6] , human bodies [1] hair [16] , trees [21] [20] and fluids [2] . Among them, water brings unique challenges, a solution to which is of great interest to many research areas such as mechanical engineering [19] and computer graphics [23] . Traditional vision techniques are found to work less well in these cases. Major challenges include: a water surface generally lacks visually salient features; its complex dynamics, including topological changes, yield extreme difficulties for tracking; ground truth data is difficult to acquire -even active acquisition systems such as laser scanners will fail due to the over complicated reflection and refraction conditions. This paper advances the current art of image based water reconstruction to work with a single input video captured in ordinary outdoor conditions, where the water is of a large scale and appears opaque. In these cases the traditional refraction and reflection based techniques as well as sophisticated experimental setups are impractical.
The proposed method is not only more flexible than previous methods of modelling the surface geometry but also reconstructs extra information in the form of a dense grid of 3D velocities. The key is the combination of shape from shading and optical flow using a physical constraint. First, shape from shading is used to estimate the geometry of the water surface for each frame. Although this is an unusual method for reconstructing reflective and refractive materials, we will demonstrate in our experiments that the opaque appearance of large bodies of water outdoors, and our choice of shape from shading algorithm cause this method to produce a convincing result (figure 2). We then produce a vertical velocity gradient field calculated from the change of the recovered surface over time. This vertical gradient is coupled with the law of mass-conservation to constrain the tracking of horizontal velocities on the water surface. The final vertical velocity is recovered from the tracked horizontal velocities, producing the dense 3D velocity field.
Compared to the existing state of the art, the proposed method has the following advantages:
-It is designed to work with a single input video recorded by an ordinary capturing device. All the example videos are recorded by a digital video camera in an outdoor environment, where the water is of a large scale and appears opaque. -It is more informative as not only the surface geometry is recovered, but so is a dense 3D velocity field. 
Related Work
The proposed method aims to reconstruct both the geometry and the velocity of the water. Two major research areas will be reviewed: water surface geometry reconstruction and fluid tracking.
Surface Geometry Reconstruction
Various types of physical properties have been used to reconstruct the water surface geometry, for example, refraction [3, 12, 13] 
